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1
RECTIFIER WITH BRIDGE CIRCUIT AND
PARALLEL RESONANT CIRCUIT

TECHNICAL FIELD

Embodiments of the present invention relate to a rectifier
circuit, such as a rectifier circuit for rectifying an alternating
input voltage with a relatively high frequency for energy
transmission.

BACKGROUND

In many different electronic circuit applications it is nec-
essary to rectify an alternating input voltage in order to pro-
vide a direct output voltage. One possible application is
power transmission over a potential barrier. It is commonly
known that power can be transmitted over a potential barrier
using a transformer that includes a primary winding and a
secondary winding. In this type of application, an alternating
power signal is applied to the primary winding of the trans-
former. By virtue of the secondary winding being inductively
coupled to the primary winding the alternating power signal
received by the primary winding causes an alternating power
signal to be available at the secondary winding. The power
signal applied to the primary winding and the power signal
available at the secondary winding may have different signal
waveforms, but substantially have the same frequency.

Depending on the specific type of transformer used to
transmit the power, the frequency of the alternating power
signal can be relatively high in order to efficiently transmit
power over the transformer. Especially transformers that are
very small and/or that do not include a magnetic core may
require frequencies higher than several 10 MHz, and in even
higher than 100 MHz.

SUMMARY OF THE INVENTION

A first embodiment relates to a rectifier circuit. The recti-
fier circuit includes a bridge circuit configured to receive an
alternating input signal, and a parallel resonant circuit
coupled between the bridge circuit and an output, wherein the
output is configured to output an output signal.

A second embodiment relates to an electronic circuit. The
electronic circuit includes a plurality of rectifier circuits,
wherein each rectifier circuit includes a bridge circuit config-
ured to receive an alternating input signal, and a parallel
resonant circuit coupled between the bridge circuit and an
output, wherein the outputs of the rectifier circuits of the
plurality of rectifier circuits are cascaded.

A third embodiment relates to a rectifier circuit. The recti-
fier circuit includes a bridge circuit configured to receive an
alternating input signal, and a rectifier element coupled
between the bridge circuit and an output, wherein the output
is configured to output an output signal.

A fourth embodiment relates to an electronic circuit com-
prising a plurality of rectifier circuits. Each rectifier circuit
includes a bridge circuit configured to receive an alternating
input signal, and a parallel resonant circuit coupled between
the bridge circuit and an output, wherein the outputs of the
rectifier circuits of the plurality of rectifier circuits are cas-
caded.

BRIEF DESCRIPTION OF THE DRAWINGS

Examples will now be explained with reference to the
drawings. The drawings serve to illustrate the basic principle,
so that only aspects necessary for understanding the basic
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principle are illustrated. The drawings are not to scale. In the
drawings the same reference characters denote like features.

FIG. 1 illustrates a rectifier circuit including a bridge cir-
cuit;

FIG. 2 (which includes FIGS. 2A and 2B) illustrates the
operating principle of the rectifier circuit of FIG. 1;

FIG. 3 schematically illustrates an input signal having a
rectangular waveform;

FIG. 4 illustrates one embodiment of a rectifier circuit
including a bridge circuit and a parallel resonant circuit
coupled between the bridge circuit and an output of the rec-
tifier circuit;

FIG. 5 shows timing diagrams illustrating the operating
principle of the rectifier circuit of FIG. 4;

FIG. 6 illustrates a rectifier circuit that is based on the
rectifier circuit of FIG. 3 and that additionally includes a
transformer coupled to an input of the bridge circuit;

FIG. 7 (which includes FIGS. 7A and 7B) illustrates one
embodiment of a capacitive storage element of the parallel
resonant circuit;

FIG. 8 illustrates a first embodiment of an electronic circuit
including a plurality of cascaded rectifier circuits;

FIG. 9 illustrates a second embodiment of an electronic
circuit including a plurality of cascaded rectifier circuits;

FIG. 10 illustrates an embodiment of inductors of two
different parallel resonant circuits;

FIG. 11 illustrates one embodiment of a rectifier circuit
including a bridge circuit and a rectifier element coupled
between the bridge circuit and an output of the rectifier cir-
cuit;

FIG. 12 (which includes FIGS. 12A and 12B) illustrates
possible implementations of the rectifier element;

FIG. 13 illustrates a further embodiment of an electronic
circuit including a plurality of cascaded rectifier circuits; and

FIG. 14 illustrates an application circuit including a recti-
fier circuit.

In the following detailed description, reference is made to
the accompanying drawings. The drawings form a part of the
description and by way of illustration show specific embodi-
ments in which the invention may be practiced. It is to be
understood that the features of the various embodiments
described herein may be combined with each other, unless
specifically noted otherwise.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

FIG. 1 illustrates one embodiment of a rectifier circuit. The
rectifier circuit includes a bridge circuit 10 configured to
receive an alternating input signal (an alternating input volt-
age) Vin at an input with a first input node 11 and a second
input node 12. The rectifier circuit further includes an output
with a first output node 31 and a second output node 32
coupled to the bridge circuit 10 and configured to output a
rectified output signal (a rectified output voltage) Vout.

The bridge circuit 10 according to FIG. 1 is an active
rectifier bridge and includes a first half-bridge 13 with a first
high-side switch H1 and a first low-side switch L1, and a
second half-bridge 14 with a second high-side switch H2 and
a second low-side switch [.2. The first high-side switch H1
and the first low-side switch L1 of the first half-bridge 13 are
connected in series between a first output node 15 and a
second output node 16 of the bridge circuit 10, and the second
high-side switch H2 and the second low-side switch 1.2 of the
second half-bridge 14 are connected in series between the
first output node 15 and the second output node 16 of the
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bridge circuit 10. The output nodes 15, 16 of the bridge circuit
are coupled to the output of the rectifier circuit.

Each of the switches H1-[.2 of the bridge circuit 10
includes a control node, wherein control nodes of the first
high-side switch H1 and the first low-side switch L1 are
connected, and wherein the control nodes of the second high-
side switch H2 and the second low-side switch L2 are con-
nected. Each of the first and second half-bridges 13, 14
includes an input, wherein the input of the first half-bridge 13
is a circuit node common to load paths of the first high-side
switch H1 and the first low-side switch L1, and wherein the
input of the second half-bridge 14 is a circuit node common to
load paths of the second high-side switch H2 and the second
low-side switch L.2. The input of the first half-bridge 13 and
the control terminals of the second high-side switch H2 and
the second low-side switch [.2 are coupled to the first input
node 11, and the input of the second half-bridge 14 and the
control nodes of the first high-side switch H1 and the first
low-side switch [.1 are coupled to the second input node 12.

In the bridge circuit 10 of FIG. 1, the individual switches
H1-L.2 are implemented as transistors, in particular as MOS-
FETs (Metal-Oxide-Semiconductor Field-Effect Transis-
tors). Specifically, the first high-side switch H1 and the sec-
ond high-side switch H2 are transistors of first type, and the
first low-side switch L1 and the second low-side switch .2 are
transistors of a second type. According to one embodiment,
the high-side switches H1, H2 are p-type MOSFETs, and the
low-side switches [.1, .2 are n-type MOSFETs. Each of these
MOSFETs includes a gate terminal as a control node and a
load path between a drain terminal and a source terminal.
According to one embodiment, the high-side switches H1, H2
have their source terminals connected to the first output node
15 and the low-side switches 1.1, 1.2 have their source termi-
nals connected to the second output node 16. The drain ter-
minal of the first high-side switch H1 is connected to the drain
terminal of the first low-side switch L1, and the drain terminal
of the second high-side switch H2 is connected to the drain
terminal of the second low-side switch L.2.

It is commonly known that MOSFETs, like the MOSFETs
used as high-side switches H1, H2 and the MOSFETs used as
low-side switches [.1, 1.2 in the bridge circuit 10 of FIG. 1, are
voltage controlled switches that are switched on or switched
off dependent on the level of their gate-source voltage. The
gate-source voltage of one transistor is the voltage between
the gate terminal and the source terminal of the transistor. In
the bridge circuit of FIG. 1, the first high-side switch H1 is
controlled by the voltage between the second input node 12
and the first output node 15, the first low-side switch L1 is
controlled by the voltage between the second input node 12
and the second output node 16, the second high-side switch
H2 is controlled by the voltage between the first input node 11
and the first output node 15, and the second low-side switch
L2 is controlled by the voltage between the first input node 11
and the second output node 16. Each of the MOSFETs H1-1.2
has a threshold voltage, wherein an individual MOSFET
switches on (is conducting) when the magnitude of its gate-
source voltage is higher than the magnitude of the threshold
voltage. The high-side switches H1, H2 implemented with
p-type MOSFETs in the present embodiment have a negative
threshold voltage, and the low-side switches L1, [.2 imple-
mented with n-type MOSFETs in the present embodiment
have a positive threshold voltage. For explanation purposes, it
is assumed that one MOSFET is switched (is conducting, is in
an on-state) as soon as the level of the corresponding gate-
source voltage reaches the threshold voltage. In the on-state,
an on-resistance and a conductance, respectively, varies
dependent on the signal level of the gate-source voltage.
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When the level of the gate-source voltage is only slightly
above the threshold voltage, an on-resistance of the MOSFET
may be relatively high, and a conductance may be relatively
low, respectively, wherein the on-resistance decreases (and
the conductance increases) as the gate-source voltage
increases.

The basic operating principle of the rectifier circuit of FIG.
1 is explained with reference to FIGS. 2A and 2B below.
FIGS. 2A and 2B illustrate the operating states of the indi-
vidual switches H1-1.2 in the bridge circuit 10 dependent on
the input voltage Vin, wherein FIG. 2A illustrates the opera-
tion states in case of a positive input voltage Vin, and FIG. 2B
illustrates the operation states in case of a negative input
voltage. When the input voltage Vin is positive, the electrical
potential at the first input node 11 is higher than the electrical
potential at the second input node 12, and when the input
voltage Vin is negative, the electrical potential at the second
input node 12 is higher than the electrical potential at the first
input node 11.

For explanation purposes, it is assumed that an output
capacitor 30 is connected between first and second output
nodes 31, 32 of the rectifier circuit and that the output capaci-
tor 30 has been previously charged to an output voltage Vout.
FIGS. 2A and 2B show the input voltage Vin relative to the
output voltage Vout and shows operation states of the indi-
vidual switches H1-L.2 of the bridge circuit. Referring to
FIGS. 2A and 2B, ST, represents the operation state of the
first high-side switch H1, ST, , represents the operation state
of'the first low-side switch L1, ST, represents the operation
state of the second high-side switch H2, and ST, , represents
the operation state of the second low-side switch L.2. These
signals ST,;,-ST,, will be referred to as state signals in the
following. For explanation purposes, it is assumed that a
high-level of a state signal represents an on-state of the cor-
responding switch, and a low-level of a state signal represents
an off-state of the corresponding switch.

Referring to FIG. 2A, the second low-side switch L2 is
switched on, when the input voltage Vin is higher than the
threshold voltage Vt,, of the second low-side switch [.2. In
the on-state, the second low-side switch L2 connects the
second input node 12 to the second output node 16 of the
bridge circuit 10, so that the input voltage Vin and the output
voltage Vout are referenced to the second output node 16 of
the bridge circuit 10 and the second output node 32 of the
rectifier circuit, respectively. The first high-side switch H1 is
switched on as long as the input voltage Vin is positive and as
long as a magnitude of the output voltage Vout is higher than
a magnitude of the threshold voltage V1, of the first high-
side switch H1. In the on-state, the first high-side switch H1
connects the first input node 11 to the first output node 15 of
the bridge circuit 10. When the first high-side switch H1 and
the second low-side switch [.2 are switched on, an input
current Iin can flow in the direction indicated in FIG. 1 from
the first input node 11 via the first high-side switch H1 and the
output capacitor 30 or a load Z (illustrated in dashed lines)
coupled to the output terminals 31, 32, respectively, and the
second low-side switch [.2 to the second input node 12.

Referring to FIG. 2A, when the input voltage Vin falls
below the output voltage Vout such that the input voltage Vin
is more than the magnitude of the threshold voltage Vt,, of
the second high-side switch H2 below the output voltage, the
second high-side switch H2 is switched on. Thus, there is a
voltage range Vout—|Vt,,|<Vin=|Vt,,| of the input voltage
Vin that causes both the second high-side switch H2 and the
second low-side switch 1.2 to conduct. This may cause the
output capacitor 30 to be partially discharged and may there-
fore result in undesirable losses.
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Referring to FIG. 2B, the first low-side switch L1 is
switched on, when the magnitude of the input voltage Vin is
higher than the threshold voltage Vt;, of the first low-side
switch L1. In the on-state, the first low-side switch L1 con-
nects the first input node 11 to the second output node 16 of
the bridge circuit 10, so that the negative input voltage —Vin
and the output voltage Vout are referenced to the second
output node 16 of the bridge circuit 10 and the second output
node 32 of the rectifier circuit, respectively. The second high-
side switch H2 is switched on as long as the input voltage Vin
is negative and as long as a magnitude of the output voltage
Vout is higher than a magnitude of the threshold voltage Vit,,,
of'the second high-side switch H2. In the on-state, the second
high-side switch H2 connects the second input node 12 to the
second output node 16 of the bridge circuit 10. When the
second high-side switch H2 and the first low-side switch [.1
are switched on, an input current lin can flow in the direction
opposite the direction indicated in FIG. 1 from the second
input node 12 via the second high-side switch H2 and the
output capacitor 30 or the load Z, respectively, and the first
low-side switch .1 to the first input node 11.

Referring to FIG. 2B, when the magnitude of the input
voltage Vin falls below the output voltage Vout such that the
magnitude of the input voltage Vin is more than the magni-
tude of the threshold voltage V1, ofthe first high-side switch
H2 below the output voltage, the first high-side switch H1 is
switched on. Thus, there is a voltage range Vout—IVt,, |s—
Vins|Vt, | of the input voltage Vin that causes both the first
high-side switch H1 and the first low-side switch L1 to con-
duct. This may cause the output capacitor 30 to be partially
discharged and may therefore result in undesirable losses.

Referring to the explanation in connection with FIGS. 2A
and 2B, losses in the rectifier circuit of FIG. 1 may occur
when a magnitude of the input voltage Vin is lower than the
output voltage Vout minus the threshold voltage of the first
high-side switch H1 or the second high-side switch H2. Thus,
the rectifier circuit of FIG. 1 is suitable to rectify an input
voltage Vin with a rectangular waveform as schematically
illustrated in FIG. 3. In this case, the input voltage Vin alter-
natingly changes between a first (positive) signal level and a
second (negative) signal level.

However, significant losses may occur in the rectifier cir-
cuit of FIG. 1, when the input voltage Vin is an alternating
voltage in which the signal level changes slowly between a
positive maximum level and a negative maximum level. In
this case, there are significant time periods in which the input
voltage Vin has a signal level in which the first high-side
switch H1 and the first low-side switch L1 are both conduct-
ing or in which the second high-side switch H2 and the second
low-side switch [.2 are both conducting.

FIG. 4 illustrates one embodiment of a rectifier circuit that
is configured to overcome the problems outlined before. The
rectifier circuit of FIG. 4 is, in particular, configured to rectify
an alternating input voltage Vin that has not a rectangular
waveform, but has a waveform in which a signal level changes
relatively slowly between a positive maximum level and a
negative maximum level. According to one embodiment, the
input voltage Vin has a sinusoidal waveform or a waveform
similar to a sinusoidal waveform.

The rectifier circuit of FIG. 4 is based on the rectifier circuit
of FIG. 1 and additionally includes a parallel resonant circuit
20 connected between the output 15, 16 of the bridge circuit
10 and the output 31, 32 of the rectifier circuit. In the present
embodiment, the parallel resonant circuit 20 is connected
between the first output node 15 of the bridge circuit 10 and
the first output node 31 of the rectifier circuit. The parallel
resonant circuit is connected in series to the output capacitor
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30, wherein the series circuit with the parallel resonant circuit
and the output capacitor 30 is connected between the first and
second output nodes 15, 16 of the bridge circuit 10. The
output voltage Vout of the rectifier circuit is available across
the output capacitor 30 between the first and second output
nodes. The parallel resonant circuit 20 includes an inductor
21 and a capacitive storage element 22 connected in parallel
with the inductor 21.

The operating principle of the rectifier circuit of FIG. 4 is
explained with reference to FIG. 5 that shows timing dia-
grams ofthe input voltage Vin, of an output voltage V10 of the
bridge circuit 10, and of the output voltage Vout. For expla-
nation purposes, it is assumed that the input voltage Vin has a
sinusoidal waveform, and that the output voltage Vout is
substantially constant. However, this is only an example, the
operating principle explained in the following is basically the
same when the input voltage Vin has an alternating signal
waveform other than a sinusoidal waveform, and when the
output voltage Vout varies.

Referring to the explanation provided in connection with
FIG. 2A, the first high-side switch H1 and the second low-
side switch [.2 are switched on when the input voltage Vin is
higher than the output voltage Vout. This causes an input
current to flow in the direction as indicated in FIG. 4 through
the first high-side switch H1, the inductor 20 of the parallel
resonant circuit 20, the output capacitor 30 and/or the load Z
and the second low-side switch L.2. As the input current lin
flows through the inductor 21 energy is magnetically stored in
the inductor 21. As the input voltage Vin falls below the
output voltage Vout minus the magnitude of the threshold
voltage V1, of the second high-side switch H2 (at time t1 in
FIG. 5) the second high-side switch H2 switches on so that
both, the second high-side switch H2 and the second low-side
switch L2 are conducting. However, the energy previously
stored in the inductor 21 causes a current through the inductor
21 to continue to flow, wherein this current either charges the
capacitive storage element of the parallel resonant circuit 22
or the output capacitor 30 and prevents that the output capaci-
tor 30 is discharged by the conducting second high-side
switch H2 and second low-side switch L2.

When the input voltage Vin turns negative and when the
signal level of the negative input voltage rises above the
output voltage Vout minus the threshold voltage of the first
high-side switch H1, the second high-side switch H2 and the
first low-side switch [.1 are switched on. The input current lin
in this case flows from the second input node 12 through the
second high-side switch H2, the inductor 21, the output
capacitor 30 and/or the load Z, and the first low-side switch
L1.

Referring to FIG. 5, the output voltage V10 of the bridge
circuit is a rectified voltage that includes voltage ripples with
a frequency that is substantially twice the frequency of the
input voltage Vin. A minimum V10, ., of this output voltage
V10 is substantially given by the sum of the threshold volt-
ages of the high-side switch and the low-side switch of the
first half-bridge 13 and the second half-bridge 14, that is:

V10a3gn=Vien+Viz,

(1a)

V103gn=Vigp+Vizs (1b).

When the output voltage V10 reaches the minimum
V10, at least one of the switches of the first half-bridge is
switched off so that the output voltage V10 cannot further
decrease. According to one embodiment, a resonance fre-
quency fr.s of the parallel resonant converter 20 is in the
range of twice the frequency f;,, of the input voltage Vin.
According to one embodiment, the resonance frequency -
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is between 50% and 200%, between 80% and 120%, or between 90% and 110%
of twice the frequency of the input voltage. That is:

0.5-2fm)Sres<2(2:fm) (2a)
082/ ) Sres<1.2:(2:f) (2b)
0.9-2f ) Sres<1.1-(2:f) (20).

Referring to FIG. 5, the output voltage V10 of the bridge
circuit 10 has a direct component and an alternating compo-
nent (the voltage ripples). For explanation purposes, it is
assumed that the alternating component has a substantially
sinusoidal waveform in FIG. 5. However, this is only an
example. The operating principle explained below is not
restricted to an output voltage V10 with a sinusoidal alternat-
ing component, but applies to an output voltage V10 with an
alternating component having a waveform other than a sinu-
soidal waveform accordingly. The waveform of the alternat-
ing component is dependent on the waveform of the input
voltage Vin of the bridge circuit.

The output voltage V10 of the bridge circuit 10 causes a
current 120 through the parallel resonant circuit 20 to the
output 31, 32. This current has a direct component (that flows
through the inductor) resulting from the direct component of
the output voltage V10. The alternating component of the
output voltage V10 causes a current through the inductor 21
and through the capacitor 22. These currents have a phase
difference of substantially 180°, wherein alternatingly the
current through the inductor 21 charges the capacitor 22, and
the charged capacitor 22 causes a current through the inductor
21 and magnetizes the inductor, and wherein the current that
charges the capacitor and the current that magnetizes the
inductor flow in opposite directions. The current through the
inductor and the current through the capacitor at least par-
tially compensate each other, so that substantially the direct
component of the current 120 flows to the output 31, 32.

By virtue of the alternating current flowing in the parallel
resonant circuit 20, substantially no current can flow from the
output capacitor 30 through the bridge circuit 10 in those time
periods in which the output voltage V10 is close to the mini-
mum V10, and in which the two switches of one half-
bridge 13, 14 are conducting.

Referring to FIG. 6, the rectifier circuit explained with
reference to FIG. 4 can be used to rectify a power signal
transmitted over a transformer 40. Referring to FIG. 6, the
transformer 40 includes a primary winding 41 and a second-
ary winding 42, wherein the secondary winding 42 is con-
nected to the input nodes 11, 12 of the bridge circuit 10. In this
case, the input voltage Vin of the bridge circuit 10 is a voltage
available across the secondary winding 42 of'the transformer.
The waveform of the input voltage Vin is dependent on the
waveform of a primary voltage V41 applied to the primary
winding 41 of the transformer. This primary voltage V41 may
have a rectangular waveform, or any other alternating wave-
form. In the embodiment of FIG. 6, the transformer 40 pro-
vides for a potential barrier between a voltage source (illus-
trated in dashed lines in FIG. 6) providing the primary voltage
V41 and the rectifier circuit with the load Z connected thereto.
Thus, the primary voltage V41 and the output voltage Vout
can be referenced to different reference potentials.

According to one embodiment, the transformer 40 is a
so-called coreless transformer that does not include a trans-
former core. This type of transformer can be implemented as
an integrated transformer with planar windings. In order to
efficiently transmit power over a transformer of this type,
frequencies of the alternating primary voltage V41 of several
10 MHz, such as frequencies of between 100 MHz and 400
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MHz are required. The frequency of the input voltage Vin of
the bridge circuit substantially corresponds to the frequency
of the primary voltage V41. However, due to inevitable stray
capacitances of the transformer 40 and parasitic capacitances
of'the bridge circuit 10, a signal waveform ofthe input voltage
Vin may be different from a signal waveform of the primary
voltage V41. These capacitances act like a low-pass filter.
When, for example, the primary voltage V41 has a rectangu-
lar waveform, the input voltage Vin may have a trapezoidal
waveform, or a waveform with even smoother edges, similar
to a sinusoidal waveform.

The rectifier circuit of FIG. 6 with the bridge circuit 10 and
the parallel resonant circuit 20 is capable to efficiently rectify
an alternating input voltage Vin with those relatively high
frequencies.

According to one embodiment, the capacitive storage ele-
ment 22 of the parallel resonant circuit 20 has a capacitance
that is dependent on a voltage V20 across the parallel resonant
circuit 20. According to one embodiment, the capacitance of
the capacitive storage element 22 increases as the voltage V20
across the parallel resonant circuit 20 increases. According to
one embodiment, the capacitive storage element 22 is imple-
mented as a so-called MOS capacitor. One embodiment of
this type of capacitor is illustrated in FI1G. 7. Referring to F1G.
7,the capacitor includes a doped semiconductor substrate 221
connected to a first terminal 23 of the capacitive storage
element, an electrode 222 connected to a second terminal 24
of'the capacitive storage element 22, and a dielectric layer 223
arranged between the doped semiconductor substrate 21 and
the electrode 22. The semiconductor substrate 221 may
include a conventional semiconductor material, such as sili-
con, silicon carbide, gallium arsenide, or the like. The elec-
trode 222 may include a conventional electrode material, such
as, a highly doped polycrystalline semiconductor material or
a metal. The semiconductor substrate 221 is a monocrystal-
line semiconductor substrate. The doping concentration of
the semiconductor substrate is, for example, selected from a
range of between 1E16 cm™ and 1E19 cm™>.

The operating principle of the capacitive storage element
22 of FIG. 7 is as follows. Dependent on the voltage applied
between the first and second terminals 23, 24 there can be a
depletion region (space charge region) in the doped semicon-
ductor substrate 221 below the dielectric layer 223. The over-
all capacitance of the capacitive storage element decreases as
the depletion region expands deeper into the substrate 221.
The capacitance reaches a maximum when there is an accu-
mulation region in the semiconductor substrate 221 below the
dielectric layer.

For explanation purposes, it is assumed that the semicon-
ductor substrate 221 is a p-doped semiconductor substrate. In
this case, a negative potential of the electrode 222 relative to
the electrical potential of the substrate 221 is required in order
to generate an accumulation region in the substrate 221 below
the dielectric layer 223, so that a capacitance C22 of the
capacitor has a characteristic as schematically illustrated in
FIG. 7B. Referring to FIG. 7B, the capacitance C increases
when the voltage V20 has a polarity as indicated in FIG. 7A
and when a voltage level of this voltage V20 increases. A
capacitive storage element 22 of the type illustrated in FIG.
7A is connected in the parallel resonant circuit such that the
first terminal 23 is connected to the first output node 15 ofthe
bridge circuit 10 and that the second terminal 24 is connected
to the first output node 31 of the rectifier circuit.

When the semiconductor substrate 221 is n-doped, a posi-
tive potential of the electrode 222 relative to the substrate 221
is required to generate an accumulation region in the substrate
221 below the dielectric layer 223. In this case, the polarity of
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the voltage V20 relative to the terminals 24, 25 is opposite to
polarity shown in FIG. 7A, so that, in this case, the second
terminal 24 is connected to the first output node 15 of the
bridge circuit 10 and the first terminal 23 is connected to the
first output node 31 of the rectifier circuit.

When the capacitor 22 has a characteristic curve as illus-
trated in FIG. 7B, the capacitor 22 has a relatively low capaci-
tance when the bridge output voltage V10 is close to the
minimum (and smaller than the output voltage Vout). This
varying capacitance of the capacitor 22 has the effect that an
oscillating voltage across the parallel resonant circuit 20
excited by the bridge voltage V10 has positive half-periods
that are longer than the negative half-periods. This is, in
particular, useful when the bridge voltage V10 has a similar
waveform, that is, when “negative half-periods” of the ripples
of the bridge voltage V10 are shorter than the “positive half-
periods.” This, for example, the case when the input voltage
Vin of the bridge circuit 10 has a trapezoidal waveform.

FIG. 8 illustrates an electronic circuit that includes a plu-
rality of rectifier circuits explained with reference to FIGS. 2
to 7 hereinbefore. In the rectifier circuits of FIG. 8 corre-
sponding features have corresponding reference characters
that are only different in subscript indices. The electronic
circuit of FIG. 8 includes two rectifier circuits. However, this
is only an example. More than two rectifier circuits can be
implemented in the electronic circuit as well. Referring to
FIG. 8, the individual rectifier circuits are cascaded, that is
output capacitors 30, 30, of the individual rectifier circuits
are connected in series. Vout,, Vout, denote output voltages of
the individual rectifier circuits in FIG. 8. An overall output
voltage Vout corresponds to the sum Vout, +Vout,, of the indi-
vidual output voltages Vout,, Vout,. In FIG. 8, reference
characters 31, 32 denote output nodes of the electronic cir-
cuit, that is, the output capacitors 30,, 30, are connected in
series between these output nodes 31, 32.

In the electronic circuit of FIG. 8, input voltages Vin,, Vin,,
of the bridge circuits 10,, 10,, are secondary voltages avail-
able at secondary windings 42,, 42, of a transformer 40. This
transformer has one primary winding 41 that receives a pri-
mary voltage V41 and that is inductively coupled with the
secondary windings 42,, 42,. The number of secondary
windings 42,, 42, corresponds to the number of cascaded
rectifier circuit, so that each rectifier circuit receives its input
voltage Vin,, Vin,, from one secondary winding 42,, 42,,.

FIG. 9 shows an electronic circuit that is based on the
electronic circuit of FIG. 8 and that is different from the
electronic circuit of FIG. 8 in that there is one common output
capacitor 30 connected between the output terminals 33, 34 of
the electronic circuit, instead of an output capacitor (30,, 30,
in FIG. 8) in each rectifier circuit. According to a further
embodiment (not illustrated), each of the rectifier circuits
includes an output capacitor 30,, 30,, as illustrated in FIG. 8,
and additionally one common output capacitor 30 as illus-
trated in FI1G. 9 is connected between the output terminals 31,
32.

According to one embodiment, the inductors 22,, 22, of
the parallel resonant circuits 20,, 20,, of the individual recti-
fier circuits are inductively coupled. According to one
embodiment, illustrated in FIG. 10, these inductors are imple-
mented as planar coils on a substrate 200. Referring to FIG.
10, the coils 21,, 21, can be spiral-shaped, and the spiral-
shaped coils can be substantially concentric. The coils may
include a conventional coil material, such as a metal, a highly
doped polycrystalline semiconductor material, or the like.

FIG. 11 shows a rectifier circuit according to a further
embodiment. This rectifier circuit includes a bridge circuit 10
explained with reference to FIG. 1 and, instead of the parallel
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resonant circuit 20 explained hereinbefore, includes a recti-
fier element 50 between the output of the bridge circuit 10 and
the output 31, 32 of the rectifier circuit. In the embodiment of
FIG. 11 the rectifier element 50 is connected between the
second output node 16 of the bridge circuit 10 and the second
output node 32 of the rectifier circuit. A polarity of the recti-
fier element 50 is such that the rectifier element prevents a
current from the output 31, 32 of the rectifier circuit to the
bridge circuit 10. Referring to FIG. 11, the rectifier element
50 can be implemented as a diode having a cathode terminal
52 connected to the second output node 16 of the bridge
circuit 10 and having an anode terminal 51 connected to the
second output node 32 of the bridge circuit. Alternatively, the
rectifier element 50 could be connected between the first
output node 15 of the bridge circuit 10 and the first output
node 31 of the rectifier circuit 10.

Referring to FIGS. 12A and 12B, the rectifier element 50
can be implemented as diode-connected transistor. Referring
to a first embodiment illustrated in FIG. 12A, the transistor
could be a bipolar junction transistor (BJT) that has its base
connected to its collector. Referring to a second embodiment
illustrated in FIG. 12B, the transistor could be a MOS tran-
sistor (MOSFET) that has its gate connected to its drain.
According to one embodiment, the diode-connected MOS
transistor of FIG. 12B is implemented with a threshold volt-
age of substantially 0 V. In this case, the rectifier element 50
can be implemented with extremely low conduction losses.

According to one embodiment, a voltage blocking capa-
bility of the rectifier element 50 is lower than the output
voltage Vout. The rectifier element 50 is reverse biased, so
that it blocks, when the high-side switch and the low-side
switch of one half-bridge 13, 14 are conducting at the same
time. However, a voltage between the output 15, 16 of the
bridge circuit 10 is at least the sum of the threshold voltages
of the conducting high-side switch and of the conducting
low-side switch. This reduces the voltage that reverse biases
the rectifier element 50.

FIG. 13 illustrates an electronic circuit that corresponds to
the electronic circuit of FIG. 8, but that is implemented with
a plurality of rectifier circuits in accordance with FIG. 11.
This electronic circuit of FIG. 13 could be modified as
explained with reference to FI1G. 9 to include only one output
capacitor (30 in FIG. 9) connected between the output nodes
of the electronic circuit.

The rectifier circuits explained hereinbefore or electronic
circuits with a plurality of rectifier circuits explained herein
before, can, in particular, be used in circuit applications where
it is necessary to supply a load over a potential barrier. One
example for this type of application is an electronic circuit
that includes a drive circuit of a high-side switch.

FIG. 14 schematically illustrates an electronic circuit
including a high-side switch 61 connected in series with a
load Z2. A drive circuit 62 receives the output voltage Vout
from a rectifier circuit 1. The rectifier circuit 1 of FIG. 14
represents one of the rectifier circuits or one of the electronic
circuits with a plurality of rectifier circuits explained herein
before that outputs a rectified output voltage Vout and
receives a primary voltage V41. The drive circuit 62 further
receives an input signal Sin that defines a desired switching
state of the high-side switch 61. The drive circuit 62 is con-
figured to switch on or switch off the high-side switch 62
dependent on the input signal Sin and using the output voltage
Vout as a the supply voltage.

The high-side switch is implemented as an n-type MOS
transistor, specifically as an n-type MOSFET. The output
voltage Vout of the rectifier circuit (the supply voltage of the
drive circuit 62) is referenced to the source terminal of the
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high-side switch 61. The level of the source potential may
vary dependent on the switching state of the high-side switch
61. However, this does not affect the generation of the output
voltage Vout because the output voltage Vout and the power
source (voltage source) generating the primary voltage V41
applied to the primary winding 41 of the transformer 40 are
galvanically isolated by the transformer 40.

In the description hereinbefore, directional terminology,
such as “top,” “bottom,” “front,” “back,” “leading,” “trailing”
etc., is used with reference to the orientation of the figures
being described. Because components of embodiments can
be positioned in a number of different orientations, the direc-
tional terminology is used for purposes of illustration and is in
no way limiting. Itis to be understood that other embodiments
may beutilized and structural or logical changes may be made
without departing from the scope of the present invention.
The following detailed description, therefore, is not to be
taken in a limiting sense, and the scope of the present inven-
tion is defined by the appended claims.

Although various exemplary embodiments of the invention
have been disclosed, it will be apparent to those skilled in the
art that various changes and modifications can be made which
will achieve some of the advantages of the invention without
departing from the spirit and scope of the invention. [t will be
obvious to those reasonably skilled in the art that other com-
ponents performing the same functions may be suitably sub-
stituted. It should be mentioned that features explained with
reference to a specific figure may be combined with features
of other figures, even in those cases in which this has not
explicitly been mentioned. Further, the methods of the inven-
tion may be achieved in either all software implementations,
using the appropriate processor instructions, or in hybrid
implementations that utilize a combination of hardware logic
and software logic to achieve the same results. Such modifi-
cations to the inventive concept are intended to be covered by
the appended claims.

Spatially relative terms such as “under,” “below,” “lower,”
“over,” “upper” and the like, are used for ease of description
to explain the positioning of one element relative to a second
element. These terms are intended to encompass different
orientations of the device in addition to different orientations
than those depicted in the figures. Further, terms such as
“first,” “second” and the like, are also used to describe various
elements, regions, sections, etc. and are also not intended to
be limiting Like terms refer to like elements throughout the
description.

As used herein, the terms “having,” “containing,” “includ-
ing,” “comprising” and the like are open ended terms that
indicate the presence of stated elements or features, but do not
preclude additional elements or features. The articles “a,”
“an” and “the” are intended to include the plural as well as the
singular, unless the context clearly indicates otherwise.

With the above range of variations and applications in
mind, it should be understood that the present invention is not
limited by the foregoing description, nor is it limited by the
accompanying drawings. Instead, the present invention is
limited only by the following claims and their legal equiva-
lents.

It is to be understood that the features of the various
embodiments described herein may be combined with each
other, unless specifically noted otherwise.

What is claimed is:

1. A rectifier circuit, comprising:

a bridge circuit configured to receive an alternating input

signal; and

a parallel resonant circuit coupled between the bridge cir-

cuit and an output, wherein the alternating input signal
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has an input frequency and wherein the parallel resonant
circuit has a resonance frequency, wherein the resonance
frequency is selected based on a value of the input fre-
quency, and wherein the resonance frequency of the
parallel resonant circuit is selected based on at least one
relationship selected from the group consisting of:

0.5 ) Sres<2-(2:fm),
082 ) Sres<1.2:(2:fpy), and

0.9 p)Sres<1.1(2:/p),

where fz.¢ is the resonance frequency and fj, is the
frequency of the input signal.

2. The rectifier circuit of claim 1, further comprising a
capacitive storage element coupled to the output and config-
ured to provide an output signal.

3. The rectifier circuit of claim 2, wherein the parallel
resonant circuit and the capacitive storage element are con-
nected in series.

4. The rectifier circuit of claim 1, wherein the resonance
frequency of the parallel resonance circuit is selected based
on an inductance of an inductor and a capacitance of a capaci-
tor.

5. The rectifier circuit of claim 1, wherein the parallel
resonant circuit comprises an inductor and a second capaci-
tive storage element connected in parallel with the inductor.

6. The rectifier circuit of claim 5, wherein the second
capacitive storage element comprises a MOS capacitor.

7. The rectifier circuit of claim 6, wherein the MOS capaci-
tor comprises:

a doped semiconductor substrate coupled to a first capaci-

tor terminal;

an electrode coupled to a second capacitor terminal; and

a dielectric layer between the doped semiconductor sub-
strate and the electrode.

8. The rectifier circuit of claim 1, further comprising a
transformer comprising a primary winding and a secondary
winding, wherein the secondary winding is configured to
output the alternating input signal of the bridge circuit.

9. The rectifier circuit of claim 1, wherein the bridge circuit
comprises:

a first half-bridge coupled between a first input node and a
first output node and a second output node of the bridge
circuit; and

a second half-bridge coupled between a second input node
and the first output node and the second output node of
the bridge circuit,

wherein the alternating input signal is received at the first
and second input nodes.

10. The rectifier circuit of claim 9,

wherein the first half-bridge comprises a first high-side
switch coupled between the first input node and the first
output node, and a first low-side switch coupled between
the first input node and the second output node, and

wherein the second half-bridge comprises a second high-
side switch coupled between the second input node and
the first output node, and a second low-side switch
coupled between the second input node and the second
output node.

11. The rectifier circuit of claim 10,

wherein the first high-side switch and the first low-side
switch each comprise a control terminal coupled to the
second input node; and

wherein the second high-side switch and the second low-
side switch each comprise a control terminal coupled to
the first input node.
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12. The rectifier circuit of claim 10, wherein the first high-
side switch, the first low-side switch, the second high-side
switch, and the second low-side switch each comprise a tran-
sistor.

13. The rectifier circuit of claim 1, further comprising:

a further bridge circuit configured to receive a further alter-

nating input signal; and

a further parallel resonant circuit coupled between the fur-

ther bridge circuit and a further output, wherein the
further output is configured to output a further output
signal,

wherein the output of the bridge circuit and the further

output of the further bridge circuit are connected in
cascade.

14. An electronic circuit comprising a plurality of rectifier
circuits,

wherein each rectifier circuit comprises a bridge circuit

configured to receive an alternating input signal, and a
parallel resonant circuit coupled between the bridge cir-
cuit and an output,

wherein the outputs of the rectifier circuits of the plurality

of rectifier circuits are cascaded,

wherein the alternating input signal has an input frequency

and wherein the parallel resonant circuit has a resonance
frequency,

wherein the resonance frequency is selected based on a

value of the input frequency, and

wherein the resonance frequency of the parallel resonant

circuit is selected based on at least one relationship
selected from the group consisting of:
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0.5 ) Sres<2-(2:fm),
0.8 2/ ;p)Srzs<1-2:(2:/), and

0.9 p)Sres<1.1(2:/p),

where fz.¢ is the resonance frequency and fj, is the
frequency of the input signal.

15. The electronic circuit of claim 14,

wherein the parallel resonant circuit of each rectifier circuit

comprises an inductor; and

wherein the inductors of the parallel resonant circuits of the

plurality of rectifier circuits are inductively coupled.

16. The electronic circuit of claim 15, wherein each of the
inductors comprises a planar winding.

17. The electronic circuit of claim 14, further comprising a
transformer comprising one primary winding and a plurality
of secondary windings wherein each of the plurality of sec-
ondary windings is coupled to the bridge circuit one of the
plurality of rectifier circuits and wherein each bridge circuit
of one of the plurality of rectifier circuits has a secondary
winding connected thereto.

18. The electronic circuit of claim 14, wherein the outputs
of'the rectifier circuits of the plurality of rectifier circuits are
cascaded such that a first output node of one of the plurality of
rectifier circuits is connected to a second output node of
another one of the plurality of rectifier circuits.

#* #* #* #* #*



